New phenomena of anisotropic light scattering, ariisotropic Cherenkov third-harmonic generation, photoinduced birefringence and anisotropic reflection from femtosecond direct-write structures are reviewed. The phenomena reveal new mechanism oflight-matter interaction.
INTRODUCTION
The use of a femtosecond laser source to directly write structures deep within transparent media has recently attracted much attention due to its simplicity compared to lithographic methods, and its capability for writing in three-dimensions. ' 3 Tight focusing of the laser into the bulk of material causes non-linear absorption only within the focal volume, depositing energy that induces a permanent material modification.45 A variety of photonic devices have already been created by translating a sample through the focus of a femtosecond laser.67 Although molecular defects caused by such intense irradiation have been identified in fluorescence, ESR and other studies,8 the mechanism of induced modifications in glass is still not fully understood. New phenomena of light scattering9'° and Cherenkov third-harmonic'1 generationpeaking in the plane of polarization during direct writing with ultrashort light pulses in glass have been reported. These observations were unexpected because the scattering of polarized light in the plane of light polarization in isotropic medium such as glass is always weaker compared to the orthogonal plane, since a dipole does not radiate in the direction of its axis. The phenomena were interpreted in terms of angular distribution of photoelectrons and sub-wavelength anisotropic index inhomogenities. Another experiments demonstrated uniaxial birefringence of structures in fused silica written by femtosecond light 12 The index change for light polarized along the direction of polarization of writing beam was much stronger than for the orthogonal polarization. The origin of this anisotropic phenomenon remained a mystery. Recently we observed a further anisotropic property in silica after being irradiated by a femtosecond laser -strong reflection from the modified region occurring only along the direction ofpolarization ofthe writing 13 We show this can arise from a self-organized periodic sub-wavelength refractive index modulation. The femtosecond-laser-induced birefringence is therefore likely to be caused by these laterally-oriented small-period grating structures. Birefringence of this nature is well known as 'form' birefringence.14 Our analysis suggests that this effect is also the primary cause of all anisotropic phenomena reported in the experiments on direct writing with ultrashort pulses in glass.
ANOMALOUS ANISOTROPIC LIGHT SCATTERING IN GLASS
The laser radiation in Gaussian mode produced by regeneratively amplified mode-locked (120 fs pulse duration, 200 kHz repetition rate) Ti: sapphire laser operating at wavelength of 800 nm was used in the experiments.9'° Glass samples of 3 mm thickness were placed on a stage under the optical microscope. The infrared laser radiation reflected by a dichroic mirror inside of the microscope was focused via a 20 X objective onto the sample. The pump spot size in the focus of the beam was 4.6 tm. Simultaneously, the irradiated spot was imaged in the visible spectral range via the microscope by using a colour CCD camera.
During the experiments on Ge-doped (Ge02 8 mol %) silica glass strong blue luminescence (with a centre wavelength at 410 nm) of defect states (Ge-Si wrong bonds with the concentration of 1 0 19 cm3) was observed. This Fig. 1 . Anisotropic blue luminescence luminescence (triplet luminescence) can be excited via the singlet-singlet inGe-doped glass observed via transition by absorption of three pump photons or one UV photon of the third microscope harmonic of the pump followed by quick nonradiative decay (with a decay time 1 ns) to the long-lived triplet level. When the pump (10 mW average power, 0.4 MW peak power, 2.5X10'2 W/cm2 intensity in the focus of a beam) was focused slightly (-j 50 j.tm) above the surface of the sample the shape of the spot of the blue luminescence imaged via the microscope and CCD camera was circular. Unexpectedly, it has been discovered that when the pump was focused inside the sample the spatial isotropy ofthe blue luminescence can be broken ( Fig. 1) : the luminescence scattering increases along the direction of the pump polarization, while the circular shape of the pump beam remains unchanged. If we rotate the direction ofthe pump polarization by using a half-wave plate, the elongated pattern of the blue luminescence follows this rotation. It should be noted that the blue luminescence was not polarized and selffocusing was not observed at peak powers used in the experiments. We called this phenomenon "propeller effect" due to the propeller-like shape of the luminescence spot in the focus of the pump beam. The observed phenomenon represents the first evidence of anisotropic light scattering which peaks in the plane oflight polarization in isotropic media.
How can we explain this phenomenon? Firstly, let us estimate the size of a light spot which is produced by the isotropically emitted luminescence in the focal plane of the microscope objective. Assuming that the luminescence is excited by the three-photon absorption of the pump at wavelength X= 800 nm in a Gaussian beam with radius r0 2.3 pm or by the one-photon absorption of UV (267 nm) third harmonic of the pump and that it is emitted isotropically all along the length of a beam waist, the size ofthe light spot a can be estimated as: a # irr02 n I X = 30 .tm, where n = 1 .45 is the refractive index of silica glass. This estimate is in a good agreement with the transverse size of the blue propeller, which could be justified by ordinary (isotropic) luminescence. However, the longitudinal size ofthe blue propeller (lOO j.tm) is about 4.5 times larger than the transverse size of the propeller. The fact that the blue luminescence is elongated along the pump polarization indicates that some additional momentum is acquired by the photons along this direction. We believe that such transformation of the momentum can be caused by the photoelectrons moving along the direction of pump polarization. Microscopic (much less than a wavelength of light) displacements of the photoelectrons along the direction of light polarization can lead to the anisotropic fluctuations of dielectric constant. Such fluctuations are obviously stronger along the direction of light polarization (in the direction of electron movement) compared to the perpendicular direction. The fluctuations of dielectric constant along the direction of light polarization induce index inhomogeneities which are elongated in the direction perpendicular to the pump polarization and which have k-vectors of spacial harmonics parallel to the direction of polarization. The anisotropic inhomogeneities scatter photons (e.g. the ultraviolet photons of the third harmonic of the pump) in the plane of light polarization. Considering the angle of scattering = 800 (tan p = 3b/2z0, where b = 100 jim is the longitudinal size of the "blue propeller", 2z0=2tr02 n / X = 60 jim is the waist length of a pump beam) , the size of these inhomogenities can be estimated as: d # X,/ (2 n sin p) 90 nm, where = 267 nm.
It should be pointed out that the scattering phenomenon described above must have strong wavelength dependence (X 4), which is similar to the wavelength dependence of Rayleigh scattering of light. Rayleigh scattering is normally caused by isotropic density fluctuations and the anisotropy in the scattering (the scattering is stronger in the direction perpendicular to the light polarization) is explained by the fact that a dipole does not radiate along its axis. In contrast to Rayleigh scattering the anisotropy in the observed scattering is caused by the anisotropy of the fluctuations itself. The strong dependence of the scattering on the wavelength can explain the absence of noticeable changes in the shape of the infrared pump.
ANISOTROPIC CHERENKOV LIGHT GENERATION IN GLASS
In another experiment we used non-doped silica glass with weak absorption in the UV and a regeneratively amplified mode-locked Ti:Sapphire lasers operating at 1 kHz repetition rate.1' The laser radiation in Gaussian mode was focused via a lens with a focal distance of 6 cm into a fused silica (Si02) glass sample of 3 mm thickness. The pump spot size in the focus ofthe beam was about 14 tm. After passing through the sample the radiation was imaged on a screen ofwhite paper. When the pump (4 tJ energy, 4 mW average power, 33 MW peak power, 2.1X1O'3 W/cm2 intensity in the focus of a beam) was focused near the input surface or in the middle of the sample generation of a white light continuum was observed. When the radiation was focused closer to the output surface of the sample the generation of the white light continuum terminated. At that focus position a spectacular blue light pattern appeared on the screen and intensified (Fig.2) . The pattern consisted of two crescent-like lobes on both sides of the pump, along the direction of light polarization. The intensity of light in the pattern increased over time and saturated after about 1 0 seconds of irradiation of the sample. A filter transmitting visible light placed between the sample and the screen completely blocked the blue pattern on the screen. This indicated that ultraviolet radiation generated in the sample is responsible for the observed pattern, which is visualised on the screen via luminescence of the paper in the blue spectral range. Analysing the spectrum of radiation from the output of Fig.2 . The pattern of ultraviolet light the sample we confirmed the presence of 267 nm ultraviolet light, which is the generated in a fused silica sample by third harmonic of the pump at 800 nm and which is generated vi a the third-order intense linearly polarized infrared experimental observations. First, the Cherenkov mechanism of the THG gives clear indication that longitudinal interfaces appear in the medium under intense irradiation. Secondly, the anisotropic distribution of the Cherenkov light with a maximum in the plane of pump polarization, in contrast to an isotropic "Cherenkov cone", indicates that the surface discontinuities appear only along the direction of polarization of intense light.
The observed phenomena represent unique optical effects in which information on light polarization is revealed macroscopically via enhanced light scattering and generation. The permanent changes induced by the polarized light in glass could be used for 3D polarization encoding and writing of photonic structures.
ANISOTROPIC REFLECTION FROM FEMTOSECOND-LASER SELF-ORGANIZED NANOSTRUCTURES IN GLASS
Recently, uniaxial birefringence imprinted in structures written within fused silica plates has been observed but the origin of this anisotropic phenomenon remains a ry'2 More recently, we have observed a further anisotropic property observed in silica after being irradiated by a femtosecond laser -strong reflection from the modified region occurring only along the dfrection ofpolarization of the writing laser. Our analysis suggests that this effect is also the primary cause of all previously reported anisotropic phenomena.
A regeneratively-amplified mode-locked Ti:Sapphire laser (150 fs pulse duration, 250 kHz repetition rate) operating at X=850 urn was used to directly write microstructures into a fused silica plate (4Ox4Oxlmm). In the experimental arrangement, the collimated laser passes through an electronic shutter, variable neutral density filter and half-wave plate before a dichroic mirror reflecting only in the 400-700 nm region. The infrared laser light travels through the mirror and is focused through a 50x (NA=O.55) objective into the bulk of the sample, down to a beam waist diameter estimated to be l .5 jim. The silica sample is mounted on a computercontrolled linear-motor 3D translation stage (of 20 nm resolution). To simultaneously observe the writing process, a CCD camera with suitable filters and white light source is used.
A range of embedded diffraction gratings with overall dimensions 700 im x 700 tm, each consisting of 100 rulings with 7 pm period were directly written towards the edges of the plate at a depth of 0.5 mm below the front surface. In every case, the speed of writing was 200 rim/s and each grating ruling had only one pass of the laser. Pairs of embedded gratings were created with orthogonal writing polarizations directed parallel and perpendicular to the grating rulings respectively, with average fluence ranging from 270 mW (-4 .1 J/pulse) down to 26 mW ('-0. 1 xJ/pu1se).
Additionally, pairs of embedded single lines of length 1mm were written by the same method. Finally, a regular array of 40x40 'dots' with a pitch of 10 pm was directly written into the corner of the plate. Each 'dot' was produced by holding the sample translation stage stationary at each writing point, and irradiating for 3 ms (750 pulses) using the electronic shutter.
After writing, the samples were viewed through the silica plate's polished edges using a 200x microscope incorporating a color CCD camera. During inspection, the structures were illuminated with a randomly-polarized white light source in a direction along the viewing axis, either from below the structure (opposite side to microscope objective), or above the structure (through the microscope objective). The embedded structures were examined through the edge nearest to them, and the array of dots was examined in two orthogonal directidns. A striking reflection was observed in the blue spectral region from a number of the structures when illuminated via the viewing objective. Closer analysis revealed that the reflection only occurred when the viewing axis was both parallel to the electric field vector of the writing beam and the structure was written with pulse energy greater than -0.5 tJ. This indicates that the observed reflectivity is both fluence dependent and highly anisotropic. Fluorescence cannot account for the observation due to the directional dependence. Fig.  3 shows a schematic of the reflection phenomenon. As can be seen, the macroscopic shape of the photonic structures does not determine the direction of the anisotropic reflection. Figure 4 shows microscope images ofthe reflection from several directly-written embedded structures. The illuminating light in all cases was incident above the samples through the viewing objective and set to a level that ensured that the weak-contrast microstructure itself was not imaged. The spatial position of the embedded objects relative to the focus of the microscope objective was checked beforehand by illuminating from below, when the embedded structure in all cases could be clearly observed. The displayed images were chosen from regions of modification created with a pulse energy of -O.9 tJ. In each example the orientation ofthe direct-write laser's electric-field is indicated, while the k-vector marks the incident direction of the writing laser beam. Fig. 4(a) displays the reflection from a single line which has dimensions -1.5 jim into the page due to the focal width of the beam, and 3O jim down the page due to the beam's confocal parameter, enhanced by self-focusing effects. Figure 4(b) shows the reflection from the side of a 100-line grating, with its rulings going into the depth of the page. Not all of the 100 lines of the grating contribute to the recorded reflection because of the -2 jtm focal depth of the imaging objective. Nevertheless, the reflection is considerably enhanced compared to the single line in Fig. 4(b) . Fig. 4(a, b) also show the result of imaging an identical structures, except written with orthogonal polarization. From this orientation, no reflecting structure at all can be observed. Fig. 4(c) shows a section of the 40x40 array of 'dots' described above, once again producing strong reflection along the writing beam polarization axis. These particular structures are interesting because they are approximately circular with diameter of-1.5 tm when viewed from the direction of the writing laser, and therefore have a uniform cross section. However when viewed from a direction orthogonal to the axis of the writing beam's polarization, there is no reflecting component as Fig. 4(c) clearly demonstrates.
The reflected light observed from the structure shown in Figure 4 (b) is analyzed yielding the spectrum displayed in Fig.  5 . This data shows a strong peak at 460 nm, which accounts for the blue color when observed under a microscope. We suggest that the anisotropic reflectivity can only be explained as a consequence of Bragg reflection from a selforganized periodic structure. Indeed, a modulation in refractive index of period A-15Onm, produced only along the direction of the incident laser's electric field can account for the observed anisotropic reflection at ?v'46Onm (A X/2n). Such a grating does not reflect when viewed edge on. The magnified section at the bottom right-hand corner of Fig. 2 demonstrates how the periodic nanostructuring is arranged in the case of a single 1 .5tm diameter 'dot' . The orientation and the period of the nanostructure are almost identical to the periodic nanostructure implicated in the phenomenon of anisotropic light scattering.9 Closer inspection of Fig. 5 shows an additional smaller peak at 835nm. This suggests that an extra grating component may be formed which has double the periodicity of the laser-induced structures. Altematively, this long-wavelength reflection could be a second-order diffraction peak of a grating component with period equal to the wavelength of the incident light. Surface ripples with a period equal to the wavelength of incident laser radiation and that are likewise aligned in a direction orthogonal to the electric field have been observed in experiments involving laser deposition.15 Nevertheless, we believe that our data is the first reported evidence of periodic nanostructures (much smaller than the wavelength of incident light) being generated within the bulk of a material. We speculate they arise from a mechanism associated with the creation of a hot electron plasma by multiphoton absorption of incident light. Anisotropic index inhomogeneities are then induced by electrons moving along the direction of light polarization.9 Self-organized nanostructures are in turn produced by a pattern of interference between the incident laser radiation and a plasmonpolariton wave generated within the sample. Positive feedback leads to exponential growth of the periodic nanostructures in the plane oflight polarization, which become frozen within the material.
Further microscope characterization was carried out on the same samples by positioning the fused silica plate between crossed polarizers and illuminating from below along the direction of the original writing beam. With the polarizers oriented at angles of -it/4 to the writing-beam electric-field vector, this enables regions of birefringence to be identified. The onset ofbirefringence occurs at a writing fluence level O.5 tJ/pulse, equal to that found in the case ofthe anisotropic reflection. This strongly suggests that the mechanism responsible for inducing reflection along the writing beam polarization axis is the same mechanism that causes birefringence in the orthogonal direction. The femtosecond-laserinduced birefringence, which up to now has not been well understood, is therefore likely to be caused by the laterallyoriented small-period grating structures. Birefringence ofthis nature is well known as 'form' birefringence.'4
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This also suggests that it is possible to achieve much higher reflectivities by increasing the depth of the writing laser irradiated spot.
In conclusion, we have directly written sub-micron photonic structures into the internal bulk of fused silica with a femtosecond laser system. The nanostructures are observed to strongly reflect in the blue spectral region but only along the polarization axis of the original writing beam. We show this can arise from a self-organized periodic refractive index modulation. The effect can explain systematically the origin of other observed anisotropic behavior reported with such pulsed laser patterning. The anisotropic micro-reflectors described here should be useful in many monolithic photonic devices and can be harnessed for information storage, MEMS applications or quasi-phase matching where nanoscale periodic structuring is required.
